A solid waste coming from the secondary aluminium industry was successfully vitrified in the ternary CaO-Al 2 O 3 -SiO 2 system at 1500ºC. This waste is a complex material which is considered hazardous because of its behaviour in the presence of water or moisture. In these conditions, the dust can generate gases such as H 2 , NH 3 , CH 4 , H 2 S, along with heat and potential aluminothermy. Only silica sand and calcium carbonate were added as external raw materials to complete the glasses formula. -7 K -1 . Several glasses showed a high hydrolytic resistance in deionised water at 98ºC.
Introduction
Secondary aluminium is obtained by a process involving the melting of aluminium scrap [1] [2] [3] [4] [5] [6] [7] [8] and other materials or by-products containing this metal, and the technologies used vary from one plant to another depending on the scrap type, oxide content, presence of impurities, etc. These factors also influence the fluxes that are used to maximise the recovery of aluminium. The aluminium recycling industry is a beneficial activity for the environment since it recovers resources from primary industry, manufacturing and post-consumer waste. The industry is sensitive to social pressures for it to reduce its environmental impact, and proposes to achieve an appropriate technology with zero discharges. Some of the technical actions taken to improve recycling activities include: i) maximum metal recovery, taking into account the materials available on the aluminium waste and scrap market. The aim is to recover the materials with the lowest metal content, which are the cheapest; and ii) waste minimisation. This is focused in two directions: minimising the generation of waste and ensuring that it can subsequently be recycled [9, 10] .
The obtaining of secondary aluminium by the melting of scrap and other byproducts generates several types of slag which are classified according to their aluminium and salt contents [1] . In general terms the treatment of these slags consists of milling, shredding and subsequent granulometric classification. The coarsest fractions have a higher metallic content and are commercialised for various uses within the aluminium industry or in other metallurgical industries (synthetic slag, deoxidiser in ladle metallurgy, etc.). Besides these commercialisable fractions, milling also generates powdery solids of a very fine grain size which are collected by suction systems and 1-3% Ca, 2-5% Mg, 1-3% Na, 0.2-1% K, 0.5-2% Fe and 1-5% F , among others [1] . In Spain, the Ald production is estimated at ∼13 kg/t of treated aluminium scrap, which means the generation of an important volume of this waste [1] .
From an environmental viewpoint, Ald is classified as a toxic and hazardous waste. Its toxicity is basically due to its high reactivity in the presence of water or environmental humidity and is related with the generation of gases (H 2 , CH 4 , NH 3 and H 2 S), heat and potential aluminothermy [11] . The treatment of this waste has traditionally consisted of storage in secure sites. However, this type of management is now being questioned and several new approaches to its treatment have focused on the development of inertisation procedures to allow its storage in landfills [12] [13] [14] [15] .
The vitrification of waste materials is a well established technology [16] [17] [18] [19] .
Nevertheless, strictly from the point of view of inertisation, this option only seems to be economically viable when applied to radioactive waste. For other wastes, further applications of the vitrified waste could justify the economics of this technology.
Bearing in mind the latter, CaO-Al 2 O 3 -SiO 2 system was selected as a variant of the binary calcium aluminate glass system to be used in the vitrification of Ald. Glasses and melts in the binary CaO-Al 2 O 3 system have been moderately studied in last years in comparison with common sodium-calcium glasses . Theses glasses are highly considered for their optical properties [23] , but they exhibit a tendency towards devitrification [35] . The addition of small amount of a network former as SiO 2 improves the glass stability [21, [35] [36] [37] . In addition, a glass system such as CaO-Al 2 O 3 -SiO 2 could yield devitrified materials or glass ceramic materials with interesting properties: low expansion coefficient, good dielectric properties, high hardness and abrasion resistance, thermal stability, etc. [37] .
The selection of the CaO-Al 2 O 3 -SiO 2 system was also based on two practical considerations: the use of the least possible additional reagents as raw materials for the obtainment of the glasses and the low cost of these raw materials. Thus, the preparation of calcium silicoaluminate glasses will only need silica sand and calcium carbonate as raw materials, in addition to the aluminium-rich waste as a source of Al 2 O 3 .
The purpose of the present work was to formulate glasses in the CaO-Al 2 O 3 -SiO 2 system. This objective was approached bearing in mind the above considerations and focusing on both the immobilisation of an aluminium-rich waste and valorisation of this waste through the use of the glass products obtained.
Experimental
Aluminium dust (Ald) was provided by a secondary aluminium melter. The asreceived waste (400 kg) was homogenized in a mixer and then successively quartered to get a representative sample of 20 kg. Then this sample was quartered again to get samples of 1kg which were used in this work. and H 2 S, in the presence of humidity (Eq. 1-3) [1] .
The mineralogical composition was determined by X-ray diffraction (XRD) Differential Thermal Analysis (DTA) was carried out in SETSYS Evolution 9 were performed in 100 µl alumina crucibles up to 1200 ºC, in a dynamic helium atmosphere (20 ml/min) at the heating rate of 20 ºC/min.
The hydrolytic resistance of the glasses was studied in deionised water (pH 4.80 ±0.02, conductivity 7.9 MΩ.cm) at 98ºC for 1h, according to the standard UNE 43-708-75. The glasses were milled to a grain size of between 0.32 and 0.50 mm. The crystalline or glassy character of samples after the hydrolytic test was determined by XRD.
Results and discussion

Composition and forming area.
Samples were prepared in the CaO-Al 2 O 3 -SiO 2 system according to the nominal composition summarised in Table 1 . The macroscopic appearance is also included. All the glasses obtained were dark-green coloured, the higher the Ald content the darker the glass colouring. Ingots of 60x15x10 mm in size were obtained for all the samples except for samples 1and 15, which it was not possible to pour. The few surface crystals and the partially devitrified surface observed in some samples may be attributed to the cooling process during casting, whose rate was not as fast as is necessary to obtain glasses without surface crystallisation. In addition to the macroscopic appearance, the structure of the samples was also examined by XRD. Figure 2 
Mechanical properties
Several micrographs of the cracks produced by the Vicker microindenter in several glasses are shown in Figure 4 . In general, the crack morphology is characteristic of isotropic materials. Crack propagation is irregular and, in some cases, the maximum stress does not correspond with the vertex of the Vickers prism. Lateral and ramified cracks were also observed. For microhardness calculation, only indentation marks with perfect crack formation and propagation were considered. Figure 6 shows the DTA curves of glasses 3, 5, 6, 7 and 8 (the curves corresponding to the other glasses were not included for the purposes of clarity, but the results of differential thermal analysis of all the glasses are shown in Table 4 .). In these curves, several endothermic and exothermic effects can be observed. First of all a small endothermic effect is observed between 640 and 826 ºC, which corresponds to the glass transition (T t ). These values are higher than those obtained by dilatometric measurements. The second effect appears as a high exothermic peak at temperature between 860 and 990 ºC, which may be attributed to the crystalline phases formation (T c ). In glasses 7 and 12 a second exothermic peak is observed at temperature of 1072 and 983 ºC, close to the former. The crystalline phase formation temperature is one of the most important parameter for studying the devitrification of glasses to order to obtain glass-ceramic materials [50] . In several glasses, small residual endothermic peaks can be observed around 1200ºC which corresponds to liquid phases formation (T l ). This is the case of samples 7.
Thermal properties.
As shown in Figure 7 the value of T g in general increases as the ratio Al 2 O 3 /CaO increases, this means that T g increases with increasing waste content. In the case of glasses with similar Al 2 O 3 /CaO, a higher T g is obtained when the SiO 2 content is higher;
thus, the higher content of a network former, as SiO 2 , the higher T g value. Higby et al. [36] reported the same tendency of T g with Al 2 O 3 /CaO ratio for low-silica calcium aluminosilicate glasses.
Hydrolytic resistance
Hydrolytic tests performed on glasses are useful study their chemical resistance in order to be used in different applications. After the treatment with deionised boiling water all the specimens maintained the macroscopic glassy appearance except for samples 11 and 14, which showed a matt and powdery aspect, thus indicating loss of the glassy character of these specimens. These two glasses were prepared with the highest and clinoenstatite (MgSiO 3 ) were identified. Sample 5, despite maintaining the macroscopic glassy appearance, showed a crystalline structure corresponding to spinel and quartz phases. It can be due to the chemical attack promoted to the surface of some glasses by the boiling water. This is addressed to the initial adsorption of water molecules to the glass surface and then the exchange between the H + -ions of water by the monovalent ions (in general, alkaline ions) of the glass surface. As a consequence, dealkalinisation of the glass surface occurs, yielding the formation of crystalline deposits, as well as local differences in the glass composition. Moreover, the glass 14 surface can be relatively enriched in the less leachable oxides, i.e. silica and/or alumina, which could become some of their corresponding crystalline phases; however an interpretation of the behaviour of those samples in boiling water is not easy due to the complexity of the glasses composition.
Conclusions
Vitrification has been demonstrated to be a suitable immobilisation procedure for an aluminium-rich waste. Glasses were formulated and prepared in the ternary CaOAl 2 O 3 -SiO 2 system. Glasses formulated and prepared in this system allow the successful immobilisation of high proportions of the aforementioned waste (up to 75% of waste). Table 4 . 
